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Abstract. The spin light of neutrino (SLν) is a new possible mechanism of electromagnetic
radiation by a massive neutrino (with a nonzero magnetic moment) moving in media. Since
the prediction of this mechanism, the question has been debated in a number of publications
as whether the effect can be of any significance for realistic astrophysical conditions. Although
this effect is strongly suppressed due to smallness of neutrino magnetic moment, for ultra-
high energy neutrinos (PeV neutrinos recently observed by the IceCube collaboration, for
instance) the SLν might be of interest in the case of neutrinos propagating in dense matter.
An advanced view on the SLν in matter is given, and several astrophysical settings (a
neutron star, supernova, Gamma-Ray Burst (GRB), and relic neutrino background) for which
the effect can be realized are considered. Taking into account the threshold condition and
also several competing processes, we determine conditions for which the SLν mechanism is
possible. We conclude that the most favorable case of the effect manifestation is provided
by ultra dense matter of neutron stars and ultrahigh energy of the radiating neutrino, and
note that these conditions can be met within galaxy clusters. It is also shown that due to
the SLν specific polarization properties this electromagnetic mechanism is of interest in the
connection with the observed polarization of GRB emission.
Keywords: neutrino electromagnetic interactions, neutrino processes in astrophysical media,
neutron stars
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1 Introduction
The paper is devoted to an advanced discussion on the “the spin light of neutrino” (SLν),
a new mechanism of electromagnetic radiation by a neutrino in the presence of background
matter that was proposed and studied for the first time in [1, 2]. These developments can be
considered as a supplement to the significant advances in neutrino physics, which have been
achieved recently and are decorated by the two important discoveries that firmly establish the
existence of the unusual neutrino properties. In the first place, there is the final confirmation
[3–5] of neutrino mixing and oscillations. These are the phenomena beyond the Standard
Model and they open a window to new physics. Secondly, the IceCube collaboration has
reported [6] the detection of extragalactic high-energy neutrinos with energy of about Eν ∼
1016 eV. One can therefore explore this new high-energy frontier in particle physics using
its long-established connection with astrophysics [7]. There is a variety of mechanisms [8]
that could produce neutrinos in the MeV to EeV energy range. The highest energy band
Eν ∼ 1021−1022 eV in the astrophysical neutrino spectrum (the cosmogenic neutrinos) can
be produced via the Berezinsky-Zatsepin mechanism [9].
One of the immediate effects of nonzero neutrino mass are nontrivial neutrino electro-
magnetic interactions (see [10] for a review on this topic). The most studied and understood
neutrino electromagnetic characteristics are the dipole magnetic (diagonal, i = j, and tran-
sition, i 6= j) moments
µij = fMij(0), (1.1)
given by the corresponding form factors at q2 = 0. The diagonal magnetic moment of a
Dirac neutrino in the minimally-extended Standard Model with right-handed neutrinos was
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derived for the first time in [11] and can be written as
µDii =
3eGFmi
8
√
2π2
≈ 3.2 × 10−19
( mi
1 eV
)
µB (1.2)
where µB is the Bohr magneton.
The best laboratory upper limit on neutrino magnetic moment has been obtained by
the GEMMA collaboration that investigates the reactor antineutrino-electron scattering at
the Kalinin Nuclear Power Plant (Russia) [12]. Within the presently reached electron recoil
energy threshold of T ∼ 2.8 keV the neutrino magnetic moment is bounded from above by
the value
µν < 2.9× 10−11µB (90% C.L.). (1.3)
This limit obtained from unobservant distortions in the recoil electron energy spectra is valid
for both Dirac and Majorana neutrinos and for both diagonal and transition moments.
A strict astrophysical bound on the neutrino magnetic moment is provided by the
observed properties of globular cluster stars and amounts to [13] (see also [14, 15])(∑
i,j
|µij|2
)1/2
≤ (2.2−2.6)× 10−12µB. (1.4)
This most stringent astrophysical constraint on neutrino magnetic moments is applicable to
both Dirac and Majorana neutrinos.
The non-vanishing magnetic moment allows for a number of phenomena with neutrino
electromagnetic interactions [7, 10]. The direct neutrino couplings to photons generate several
processes with interesting astrophysical applications. The most important neutrino electro-
magnetic processes are: 1) a neutrino radiative decay ν1 → ν2 + γ, 2) neutrino Cherenkov
radiation in an external background (plasma and/or electromagnetic fields), 3) photon (plas-
mon) decay to a neutrino-antineutrino pair in plasma γ → νν¯; 4) neutrino scattering off
electrons (or nuclei); 5) neutrino spin (spin-flavor) precession in a magnetic field (see [11, 16])
and 6) resonant neutrino spin-flavour oscillations in matter [17, 18].
There is a considerable gap between the prediction of the minimally-extended Standard
Model with right-handed neutrinos (1.2) and the present experimental and astrophysical
upper bounds on the neutrino effective magnetic moments. However, in various theoretical
frameworks beyond the minimally-extended Standard Model the neutrino magnetic moment
can reach values that are of interest for the next generation terrestrial experiments and also
accessible for astrophysical observations (see [10, 19]).
A neutrino with nonzero magnetic moment couples to a photon without change of the
neutrino type
ν → ν + γ. (1.5)
Obviously, this process is forbidden in vacuum due to the energy-momentum conservation.
The corresponding process with charged leptons is forbidden in vacuum but can proceed,
for instance, in the presence of a magnetic field (the well-know synchrotron radiation). The
process (1.5) can proceed in the case of a neutrino that has nonzero magnetic moment µν
in the presence of background matter. This radiation process was discussed for the first
time and termed the “spin light of neutrino” in matter in [1]. Within the quasiclassical
treatment the light (photons) is emitted due to the neutrino magnetic moment precession.
In the quantum theory the SLν process occurs due to the neutrino spin flip transition in
matter.
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The SLν was first studied in [1, 2] within the quasiclassical framework based on a
Lorentz-invariant approach to neutrino spin evolution using the generalized Bargmann-Michel-
Telegdi equation [20–23]. The quantum theory of the SLν was developed in [24–26] and in
[27]. The SLν mechanism and similar processes were also discussed in [28, 29] (see also
references therein) with a special focus on the medium influence on the emitted SLν photon.
In particular the threshold value for the initial neutrino momentum was estimated and con-
ditions under which the SLν is kinematically open were obtained. Note that the influence of
plasma on the SLν was first considered in [25] and the recent comprehensive studies of these
effects can be found in [30].
In the present paper we perform an advanced analysis of astrophysics environments
suitable for the SLν radiation. The possibility of the SLν is tested in various astrophysical
media taking into account the threshold condition and the competing processes. The main
characteristics of the radiation are calculated and the numerical estimates are used to evaluate
the observational feasibility. Section 2 overviews the quantum description of the SLν and
its main properties necessary for further applications. In Section 3 we consider the SLν
phenomenon in three relevant environments: neutron stars, supernovae and relic neutrinos.
The conclusions are given in Section 4.
Throughout the paper we consider neutrino of the Dirac type with the mass mν ∼ 1 eV
[31]. We also restrict ourselves to the Standard Model (SM) interactions of neutrino with
the background matter that is composed of the “ordinary” particles — electrons, protons,
neutrons and (anti)neutrinos. The matter is generally unpolarized and at rest.
2 Theoretical survey and main properties of SLν
2.1 SLν as a new mechanism of electromagnetic radiation
There are two facts that make the SLν process possible. The first one is a nonzero neutrino
magnetic moment that enables the neutrino-photon coupling. The second one is the matter-
induced splitting of neutrino energy states with different spin quantum numbers. This leads
to the energy gap between the states and the process becomes kinematically open. The levels
splitting follows from the modified Dirac equation that governs neutrino evolution in matter
[24, 25] (see also [27]) {
iγµ∂
µ − 1
2
γµ(1 + γ
5)fµ −mν
}
Ψ(x) = 0. (2.1)
Here the additional term (“the matter potential”) V = 12γµ(1 + γ
5)fµ describes interaction
of the test neutrino with particles of matter. The quantity fµ in the general case contains
information about the interaction rate and the matter characteristics such as density, speed
and polarization. For non-moving, unpolarized matter the potential has a simple form,
namely
V = n˜γ0(1 + γ
5). (2.2)
For different neutrino types and ordinary matter composed of electrons, protons and neutrons
the “density parameter” n˜ reads as [24]:
n˜νe =
GF
2
√
2
(
ne(1 + 4 sin
2 θW ) + np(1− 4 sin2 θW )− nn
)
, (2.3)
n˜νµ,ντ =
GF
2
√
2
(
ne(4 sin
2 θW − 1) + np(1− 4 sin2 θW )− nn
)
, (2.4)
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where ne, np and nn are number densities of electrons, protons and neutrons, respectively.
For the case of neutrino motion in matter, composed of other neutrinos and antineutrinos,
one has
n˜ν
l
ν
l′
=
1
2
√
2
GF (nνl′ − nν¯l′ ) (1 + δll′) , (2.5)
where index l refers to the propagating neutrino flavor, index l′ refers to the matter neutrino
flavor, and nν
l′
(nν¯
l′
) is the neutrino (antineutrino) number density.
The modified Dirac equation (2.1) is obtained within the four-fermion approximation of
neutrino interaction with background particles under the assumption of neutrino momentum
conservation. It is valid when a macroscopic amount of background particles is contained on
the scale of the neutrino de Broglie wavelength (coherent scattering, for the details on the
applicability conditions of the equation (2.1) see [32]).
For the neutrino energy from Eqs. (2.1)–(2.2) one obtains
Eν =
√
(p− sn˜)2 +m2ν + n˜. (2.6)
The dependence on the spin quantum number (helicity) s = ±1 defines the splitting of
neutrino levels: a relativistic active neutrino νL acquires additional energy in matter with
respect to the sterile one νR (the energy shift is equal to 2n˜) [26]. The energy-momentum
conservation law for the SLν process based on the neutrino dispersion (2.6) yields an unique
solution for the emitted photon energy (assuming the vacuum photon dispersion ω = k and
n˜ > 0)
ω =
2n˜p [(Eν − n˜)− (p+ n˜) cos θ]
(Eν − n˜− p cos θ)2 − n˜2
, (2.7)
for which the neutrino helicity transits as s = −1→ s′ = 1. Here θ is the the angle between
the emitted photon momentum k and the initial neutrino momentum p. Note that photons
are emitted in all directions.
2.2 Quantum theory of SLν
Within quantum treatment the SLν radiation process is determined by the transition am-
plitude including the standard dipole electromagnetic vertex
Γ = i
{[
Σ× k]+ iωγ5Σ} (2.8)
with initial and final neutrino states in matter that are represented by plane-wave solutions of
Eq. (2.1). One can obtain closed but rather cumbersome expressions for the total transition
rate and power [25, 26].
Consider the SLν for particular cases determined by specific relations between three
parameters: the neutrino mass and momentum, and the density parameter. The most inter-
esting for astrophysical applications is the case when a relativistic neutrino (p/mν ≫ 1) is
propagating in rather dense matter. This situation is determined by the following relation:
mν/p≪ n˜/mν . (2.9)
Note that the effect depends on the energy gap between neutrino levels proportional to n˜.
The SLν total rate and power are given by [24–27]
Γ = 4µ2n˜2p, I =
4
3
µ2n˜2p2. (2.10)
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Figure 1. The polarized components of the SLν radiation power as functions of the matter density
parameter: (a) – linear polarization, I(1)/I – solid line, I(2)/I – dashed line, (b) – circular polarization,
I(+)/I – solid line, I(−)/I – dashed line; p = 10 TeV, mν = 1 eV.
These expressions show that in order to have more visible effect for the SLν and to overcome
the small value of the magnetic moment the neutrino energy and the matter density should
be as high as possible. The analysis of the angular distribution shows [24–26] that the SLν
is emitted mainly in the forward direction and is confined around the direction of the initial
neutrino propagation in a narrow cone defined by the angle
cos θmax ≃ 1− 2
3
n˜
p
. (2.11)
The narrow collimation is a common property of the radiation of relativistic particles. It is
interesting that in our case there is no radiation strictly along the neutrino momentum (at
θ = 0).
One of the important characteristics of the SLν is the average photon energy defined
as 〈ω〉 = I/Γ . Under the condition (2.9) it reads
〈ω〉 = 1
3
p ≃ 1
3
Eν , (2.12)
which shows that the photon carries away a considerable portion of neutrino’s energy thus
potentially providing an efficient mechanism of the neutrino energy loss in matter.
2.3 Polarization properties of SLν
The SLν also has peculiar polarization properties. The calculations show [24] that in the
limit of low density when the parameters satisfy the relation
n˜/mν ≪ mν/p (2.13)
the radiation of relativistic neutrinos has a preferable polarization. The SLν radiation power
in the case of two different linear polarizations is proportional to the factors I(1,2) ∼ (1±1/2).
Thus, the degree of polarization in this case is (I(1)−I(2))/I = 1/2 = 50%. At larger densities
beyond the indicated range over the parameter n˜ (mν/p ≪ n˜/mν) the linear polarization is
absent: I(1) ≃ I(2) ≃ I/2. The dependence of the SLν linear polarization on the density
parameter n˜ is presented in Fig. 1(a).
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The circular polarization components behavior is somewhat more sophisticated. Rel-
ativistic neutrinos in the low matter density limit (2.13) have the preferable left-polarized
radiation with the degree of polarization 50%. When the condition (2.9) for high matter den-
sity is satisfied, the radiation becomes completely right-polarized. The polarization is lost
for low matter density. The characteristic behavior of the circular polarization components
is presented in Fig. 1(b).
Therefore, in dense and very dense matter the SLν radiation is completely circularly
polarized. This property is very important since it may provide the basis for experimental
identification of the radiation of neutrinos propagating in dense astrophysical objects. It
should be noted that if the density parameter n˜ has the opposite sign then the role of circu-
lar polarization components is swapped symmetrically so that the left-circular polarization
becomes predominant.
2.4 SLν and photon dispersion in plasma
The above results do not account for the matter influence on photons and were obtained under
the assumption of the vacuum photon dispersion, ω = |k|. Since in almost all astrophysical
media the charged component is present in the form of plasma, the photon dispersion in
matter should be included into the consideration. The effect can be crucial for the discussed
case of the ultra-high matter density. The plasma influence on the SLν was first discussed
in [25] and the modification of the SLν due to the emitted photons dispersion in plasma is
considered in [28, 29] and in [30].
The transversal mode of the photon in plasma (usually referred to as plasmon) acquires
an effective mass mγ . An explicit expression for the plasmon mass is defined by the model
of matter [33]. The mγ value depends on the type of the astrophysical environment. It is
important that at high energies the plasmon mass mγ depends weakly on the momentum and
it can be considered as an independent parameter. Thus the photon dispersion in the form
of ω =
√
k2 +m2γ can be used. Specific features of the SLν in plasma are briefly discussed
below.
The energy-momentum conservation with the above plasmon dispersion yields the thresh-
old condition for the SLν process [30]:
m2γ + 2mγmν
4n˜p
< 1. (2.14)
This equation determines a threshold value of the neutrino momentum p for which the process
becomes kinematically open. Besides, the dependence of the photon energy on the emission
angle θ becomes two-valued. For instance, formally setting mν → 0 and p → ∞ (massless
high-energy neutrino) for the photon momentum one obtains
k = p
2n˜ cos θ ±
√
4n˜2 −m2γ sin2 θ
4n˜+ p(1− cos2 θ) . (2.15)
In the general case the photon momentum k is given by a solution of the forth-order equation.
Such a two-valued dependence is typical in relativistic kinematics for the in-flight decays
producing massive secondary particles. The expression (2.15) also shows that the radiation
is confined within a certain angle
sin θ0 =
4n˜
mγ
. (2.16)
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Note that for most important and interesting for astrophysical applications cases the
neutrino mass is much smaller than the plasmon mass (see below). For the further consider-
ation it is useful to introduce the following parameter:
a =
m2γ
4n˜p
. (2.17)
If one neglects the term containing the neutrino mass in the threshold condition (2.14), it
reduces to a < 1 (it also should be kept in mind that a > 0). Therefore, the expressions for
the total SLν rate and power can be classified according to the value of the parameter a.
For the relativistic neutrinos (mν/p≪ 1) with the energy not too close to the threshold
(a not approaching 1) the SLν rate and power are given by [30]
Γ = 4µ2 n˜2p [(1− a)(1 + 7a) + 4a(1 + a) ln a] , (2.18)
I =
4
3
µ2 n˜2p2
[
(1− a)(1− 5a− 8a2)− 12a2 ln a] . (2.19)
In the “far above-threshold” mode (a ≪ 1 or a → 0) these expressions transform into Eqs.
(2.10) obtained for the relativistic neutrinos and with no account for the plasmon mass.
Indeed, the condition a ≪ 1 requires extremely small mγ or extremely large p. It confirms
the inference of our early papers [34, 35] that in the case of ultrarelativistic neutrino energies
the effects of the nontrivial photon dispersion in plasma on the SLν can be neglected. It
should be also noted that under these conditions SLν polarization properties remain the
same as they are established above for the case of mγ = 0.
In the “near-threshold” case (1 − a ≪ 1 or a → 1) the total SLν rate and power are
given by [30]
Γ = 4µ2 n˜2(1− a) [(1− a)p + 2n˜] , (2.20)
I = 4µ2 n˜2p (1− a) [(1− a)p + 2n˜] . (2.21)
These quantities approach zero at the threshold when (1 − a) → 0. Note that in this case
the average photon energy has a remarkable value
〈ω〉 = I /Γ ≃ p ≃ Eν . (2.22)
It can be compared with the average photon energy of the spin light of relativistic neutrino
far from the threshold 〈ω〉 ≃ Eν/3 (2.12). The efficiency of the neutrino energy losses via the
SLν process increases substantially when approaching the threshold: almost all the energy
of relativistic neutrinos is emitted in the form of SLν photons. At the same time, however,
the rate and power are suppressed by the factor (1 − a)2 that makes the process extremely
rare.
3 SLν in particular astrophysical media
3.1 SLν in matter of neutron stars
Neutron stars are the compact astrophysical objects composed mainly of neutrons. With
a typical mass M ∼ (1−2)M⊙ neutron stars have radii R ≃ 10−14 km and it is commonly
accepted that they have average matter density of the order ∼ 1038−1039 cm−3 [36, 37]. Even
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higher densities up to ∼ 1041 cm−3 are discussed for the neutron star interior [38]. In the
inner regions of neutron stars there is a significant electron fraction that can be considered
as an ideal degenerate Fermi gas. Its density is nevertheless considerably lower than the
neutron density and according to various estimates may be of the order Ye ≃ 0.05−0.1. Here
Ye = ne/nb ≃ ne/nn is the number of electrons per baryon. In what follows we assume for
the numerical estimations that
ne ≃ Yenn = 0.1nn. (3.1)
The proton fraction is also comparably small, therefore the propagating neutrino is influenced
by the neutron component only. The matter density parameter n˜, determined by Eqs. (2.3)
and (2.4), becomes negative and the stable states in the matter will be formed by antineutri-
nos. Thereby, in this subsection we investigate the SLν radiation of an antineutrino though
we still refer to it as a neutrino. All the above results remain unchanged except that the
helicity in the process transits from the positive to negative (s = 1→ s′ = −1), the circular
radiation components swap accordingly and the matter density parameter changes the sign.
Neglecting the densities ne and np, we adopt the following notation for the matter density
parameter
n˜ =
1
2
√
2
GFnn ≃ 3.2×
( nn
1038 cm−3
)
eV, (3.2)
where the overall sign has been changed accordingly. The values of nn given above indicate
that n˜ can reach values up to n˜ ≃ 103 eV with the most characteristic scale n˜ ≃ 1−10 eV.
In its turn, the dispersion law of photons emitted in the SLν process is modified mainly
due to the electron component. The electron gas is ultra-relativistic because at the considered
densities its chemical potential is
µe =
(
3π2ne
)1/3 ≃ 130 × ( ne
1037 cm−3
)1/3
MeV≫ me ≃ 0.51 MeV. (3.3)
Then the photon (transverse plasmon) mass is
mγ =
(
2α
π
)1/2
µe ≃ 8.87 ×
( ne
1037 cm−3
)1/3
MeV. (3.4)
The last equation together with (3.1) shows that in the matter of a neutron star the
plasmon mass is far greater than the neutrino mass. The second term in the numerator of
the threshold condition (2.14) can be therefore omitted and (2.14) can be rewritten as
p > pth ≃ Eth ≃ 28.5 × Y
2/3
e
1− Ye
(
1038 cm−3
nn
)1/3
TeV. (3.5)
Substituting here nn ≃ 1038 cm−3 and Ye = 0.1 one obtains for the threshold neutrino energy
Eth ≃ 6.82 TeV.
As mentioned above, the modified Dirac equation is obtained using the contact four-
fermion approximation of the Standard Model. It is therefore not applicable for very high-
energy neutrinos, when the effects of the intermediate W and Z bosons begin to emerge.
Strictly speaking, the correct description of the spin light at energies Eν ≫ Eth requires going
beyond the contact approach, i.e. accounting for propagator effects. Below we investigate
the extent to which the propagator effects may affect the possibility of the SLν realization.
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Figure 2. The allowed range of electron antineutrino energies for the SLν in the matter of a neutron
star depending on the neutron density. Solid line: the SLν process threshold without account for
the ν¯ee-scattering; dash-dotted line: the SLν process threshold with account for the ν¯ee-scattering;
dashed line: the threshold for the W boson production. (a) Ye = 0.09; (b) Ye = 0.05. The allowed
regions are marked in green.
In [28, 29] the authors conducted a kinematical analysis of the conditions under which
the SLν process is possible (including the propagator effects in neutrino scattering on elec-
trons, that they called “nonlocal effects”). They concluded that the possibility of the SLν
effect is greatly exaggerated, since the process is kinematically forbidden in almost all real
astrophysical conditions. Here below we undertake a detailed analysis and show that there
are “windows” in the range of parameters specific for particular astrophysical settings in
which the SLν process can manifest itself.
A neutrino scattering on electrons proceeds through neutral (the Z boson contribution)
and charged (the W boson contribution) currents. The process with the Z boson has the
t-channel character and for the zero momentum transfer (see discussions after Eq. (2.1)) the
four-fermion approximation remains valid. However, for the W boson contribution one have
to remember that we deal with antineutrino interactions. In this case the W boson contribu-
tion exhibits the s-channel character and, hence, the corresponding cross-section has a sharp
resonance dependence on the neutrino energy (the so-called Glashow resonance [39, 40]). The
resonance is connected with theW boson creation in the high-energy antineutrinos scattering
on electrons: ν¯e + e
− → W−. The process of the W boson generation is characterized by
the energy threshold εW . Since the electrons in a neutron star are in the form of almost
degenerate relativistic ideal Fermi gas, the expression for the threshold energy εW can be
written in the form
εW =
m2W
4µe
≃ 5.77 ×
(
1038 cm−3
Yenn
)1/3
TeV, (3.6)
where mW is the W boson mass. For the electron antineutrino energies Eν > εW the
SLν process is not closed kinematically, but the probability of the W boson production is
significantly higher. In Fig. 2, the condition Eν = εW corresponds to the dashed line, so
above it the matter loses the antineutrino opacity due to the process ν¯e + e
− →W−.
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At the same time, the propagator in the charged current contribution changes the
neutrino effective potential determined by the parameter n˜ (3.2). This results in a shift of
the energy threshold for the SLν. Using the known procedure of handling the resonance
amplitude behavior [41] to calculate the effect, one obtains that for Ye = 0.1 the SLν process
is in fact closed because the W -production threshold appears to be lower than that of the
SLν. However, already for Ye = 0.09 the process becomes open: there appears a “window”
of allowed energies, which expands rather fast with the decrease of the electron fraction Ye.
For example, for Ye = 0.05 and nn ≃ 1038 cm−3 the window extends from Eν ≃ 4.6 TeV (the
modified threshold value of the SLν) to Eν ≃ 15.8 TeV (the W boson production threshold),
see Fig. 2.
Let us turn to other neutrino species. The scattering of muon and tau antineutrinos by
electrons of the medium proceeds only via neutral currents (Z boson) and has the t-channel
character, thus, the four-fermion approximation remains valid. Consequently, the SLν pro-
cess is kinematically open for all muon and tau antineutrinos with energies that satisfy the
threshold condition (3.5). In Fig. 2 this is the area above the solid lines.
Summarizing the results of this subsection, we emphasize that in a neutron star the
SLν process is kinematically opened for the muon and tau antineutrinos with energies Eν &
2−7 TeV (depending on the electron fraction Ye and neutron density nn). For the electron
antineutrino there is a range of “allowed” energies, which becomes essentially wider with the
decrease of the electron fraction.
As an example, we give an expression for the neutrino lifetime in the neutron star matter
with respect to the SLν process for muon and tau-antineutrinos far from the threshold:
τSLν ≃ 2.17 × 106
(
10−11µB
µ
)2(
1038 cm−3
nn
)2(
10 TeV
Eν
)
s, (3.7)
where µB = e/2me is the Bohr magneton. Using the upper limit of the neutrino magnetic
moment µ ≃ 2.9× 10−11µB and taking Ye = 0.1, nn = 1038 cm−3, Eν ≃ 10PeV, one obtains
τSLν ≃ 320 s. (3.8)
The corresponding radiation length
ℓ = cτSLν ≃ 9.6× 1012 cm (3.9)
is considerably larger than the typical neutron star radius R ≃ (1.0−1.4) × 106 cm. The
condition ℓ ≃ R can be satisfied, for example, for the following set of parameters: nn =
1039 cm−3, Eν ≃ 1020 eV. The latter estimate might need further elaboration since at these
energies the propagator effects can change the expression for the SLν radiation probability
(2.10).
On the other hand, the equation (3.7) shows that the probability of the SLν could be
significantly higher if the neutrinos would propagate in a medium with densities higher than
the characteristic density of the interior regions of the “conventional” neutron stars. Such
conditions could exist in the so-called third family compact stars (quark stars and hybrid
stars [37, 42, 43]). These hypothetical stable compact stellar objects are almost entirely or
partly composed of quark matter. They are characterized by the maximal density that may
substantially exceed n0 = 1.6× 1038 cm−3 = 0.16 fm−3 (the nuclear saturation density). For
example, if we assume that the baryon density is nb = 10
41 cm−3 ≃ 6.3× 102 n0, then for the
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same set of parameters we obtain, instead of the estimate (3.8),
τSLν ≃ 2.6 × 10−4 s (3.10)
and the condition ℓ ≃ R is fulfilled.
The intensive discussion of the third family compact stars has been induced by the recent
discovery of neutron stars with inexplicably large masses (& 2M⊙) [44, 45]. An extensive
analysis, aimed to explain such values and carried out using a variety of equations of state
for the strongly-interacting matter at low temperature, yields the maximal density for this
kind of objects of the order of nb . (10−15)n0 (see, for instance [46–48]). It should be noted,
however, that these studies are far from being complete and the estimation of the density is
quite preliminary. It can become either smaller or higher depending on the particular matter
model, favoring the efficient SLν realization in dense astrophysical objects (neutron, quark
stars, etc.) in the latter case.
3.2 SLν in supernovae environments
It is commonly known that neutrinos play a crucial role in the processes of gravitational
collapse and explosion of a supernova. Within 10−20 seconds about 10% of the supernova core
mass (the gravitational binding energy of the core ∼ 1053 erg) is carried away by neutrinos
produced during the collapse.
A huge number of neutrinos are emitted during the last phase of the neutrino radiation,
which accompanies the thermal cooling of protoneutron star via the reactions of the type γ →
e+e− → νlνl (l = e, µ, τ). This phase can last for a few tens of seconds, and within this time
almost all the gravitational energy of the star’s core is carried away in approximately equal
amounts by all neutrino flavors (including antineutrinos). The average luminance for each
type of neutrino emission during this phase may reach the value of about 1051−1052erg×s−1.
A part of the emitted neutrino energy can be transmitted to matter outside the neutrino
sphere due to the formation of the so-called “hot bubble” [49] between the neutrino sphere and
the shock wave. Inside the “hot bubble” (which is a low-density region with high temperature)
there is a quasi-static outflow of matter from the protoneutron star surface, the so-called
“neutrino driven wind” [50] initiated by emitted neutrinos. The new arriving neutrinos
produce further heating of the matter within the “bubble”, leading to activation of the shock
wave and explosion (the delayed explosion mechanism [50]).
We are interested in the epoch, which is characterized by high local neutrino densities,
while the density of electrons outside the neutrino sphere exponentially decreases. In what
follows we use the model proposed in [51–53]. The radial density distribution of neutrinos of
the flavor l, emitted from the neutrino sphere surface, can be written as
nνl(r) ≃
Lνl
〈Eνl〉
1
2πR2νc
[
1−
√
1− (Rν/r)2
]
, (3.11)
where Lνl is the luminosity of the neutrino flavor l, 〈Eνl〉 is the average neutrino energy, Rν
is the neutrino sphere radius, r is the distance from the observation point to the neutrino
sphere center, c is the speed of light, 2
[
1−√1−(Rν/r)2
]
is a factor that takes into account
the neutrino flux attenuation (the dilution factor, see in [54]).
Further assuming for estimations (see, for instance, [52]) that Lνl = 10
52 erg× s−1 for
all neutrino flavors, and also 〈Eνe〉 = 11 MeV, 〈Eνe〉 = 16 MeV, 〈Eνx〉 = 〈Eνx〉 = 25 MeV
– 11 –
(x = µ, τ), Rν = 11 km, we obtain that the effective electron neutrino density at distance r
from the star’s center is
neffνe (r) = nνe(r)− nνe(r) ≃ 7.8× 1032
1−
√
1−
(
11 km
r
)2  cm−3. (3.12)
Note that due to the choice of 〈Eνx〉 = 〈Eνx〉 the effective neutrino density for other flavors
equals to zero exactly.
The radial density of the electrons inside the “bubble” has the form [51–53]
ne(r) ≃ 2.3 × 1031 Ye
(
MNS
1.4M⊙
)3(100
S
)4(10 km
r
)3
cm−3, (3.13)
where MNS is the neutron star mass, S is the entropy per one baryon. Choosing MNS =
1.4M⊙, S = 250, Ye = 0.4 according to [51–53], we obtain that
ne(r) ≃ 2.4× 1029
(
10 km
r
)3
cm−3. (3.14)
The corresponding temperature profile is given by
T ≃ 1.96
(
100
S
)(
10 km
r
)
MeV. (3.15)
Now let us consider the electron neutrino motion in neutrino matter described above.
Note that in our calculations of the probability and the energy threshold for the SLν process
the inhomogeneity and anisotropy of the medium are not taken into account, as we are inter-
ested in the SLν process realization general possibility. Therefore for the density parameter
characterizing the interaction of neutrinos with the environment we use the expression (2.5).
Since this parameter is positive in this case, the SLν radiation is possible for neutrinos of
any flavor with negative helicity transiting into the state with positive helicity. Note that
the SLν radiated by µ- and τ neutrinos can be considered in a similar way.
3.2.1 SLν in a region near the neutrino sphere
In this case we assume r ≃ 13 km. From Eqs. (3.13) and (3.14) it follows that ne ≃
1.0 × 1029 cm−3 (the Fermi momentum is pF = 0.28 MeV) and T ≃ 0.6 MeV. Thus, the
electron gas in this case is relativistic and “hot”, i.e. the largest parameter is the temperature.
For the plasmon mass we can use the formula [33]
mγ =
√
2πα
3
T ≃ 1.24 × 10−1
(
T
1MeV
)
MeV, (3.16)
that yields mγ ≃ 74 keV. From Eq. (3.12) we find that the effective density is neffνe ≃ 3.9 ×
1032 cm−3. Using then Eqs. (2.5), (3.2) and (2.14), we obtain the process threshold as
pth ≃ Eth ≃ 46 TeV.
The scattering of neutrinos on electrons of the medium in this case can be ignored be-
cause: 1) the effective density of neutrinos is significantly (at least three orders of magnitude)
higher than the density of electrons and 2) the scattering of electron neutrinos on electrons
occurs in the u-channel, and the corresponding cross-section is a monotonic function of the
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neutrino energy with no resonance character. At the same time the scattering of neutrinos on
antineutrinos takes place in the s-channel, and the cross section of this process demonstrates
the resonant dependence on the neutrino energy. The presence of the resonance in this case
is associated with the production of a Z boson in the reaction νe + ν¯e → Z (the so-called
Z-burst [55]).
To determine the energy range where the Z boson production is significant, we compare
the probability of the process νeν¯e → Z with that of the SLν. Using the expression for
the probability of the reaction νeν¯e → Z [29], we find that the probabilities of these two
discussed processes are of the same value for the initial neutrino energy equal to 7.8 TeV.
However, there is a threshold for the SLν that is much higher: Eth ≃ 46 TeV. On this
basis, we conclude that, although the SLν process (under the condition Eν > Eth) is not
forbidden kinematically, however its impact can be draped by the dominating process of
Z boson generation.
3.2.2 SLν in a region far from the neutrino sphere
In this case we assume r ≃ 100 km. The effective neutrino density, electron density and
temperature inside the “bubble” are respectively nνe ≃ 4.8×1030 cm−3, ne ≃ 2.4×1026 cm−3
(the Fermi momentum pF ≃ 0.037 MeV) and T ≃ 0.07 MeV.
The electron gas can be considered as non-relativistic because of the relations T ≪ me,
pF ≪ me, and for the plasmon mass one can use the following approximation [33]:
mγ =
√
4παne
me
≃ 3.69 × 102
( ne
1026 cm−3
)1/2
eV, (3.17)
which gives mγ ≃ 570 eV. This estimation leads to the SLν threshold pth ≃ Eth ≃ 270 GeV.
Thus, far from the neutrino sphere the threshold value is significantly lower than in the
vicinity of it. On the contrary, the Z boson production process threshold remains almost
unchanged as compared to the previous case. Performing analogous calculations we have
EZ ≃ 6.9 TeV≫ Eth ≃ 270 GeV.
Therefore, there is again an energy “window” for the SLν radiation by the electron
neutrinos in a “hot bubble” formed during the gravitational collapse of a massive stellar
core. Note that this “window” becomes significantly wider with the increase of the distance
from the neutrino sphere. For example, considering the hypothetical case of radiation at a
distance r ≃ 1000 km from the center (the neutrino is still inside the “bubble” [49]), we
find that the SLν threshold is Eth ≃ 27 GeV, while the Z boson production threshold is
EZ ≃ 6.1 TeV.
One can also write an expression for the lifetime of the neutrino state inside the “bubble”
with respect to the SLν process:
τSLν ≃ 5.4× 1022
(
10−11µB
µ
)2(
1030 cm−3
neffνe
)2(
1 TeV
Eν
)
s. (3.18)
Using µ ≃ 2.9 × 10−11µB and Eν ≃ 1TeV one obtains the following estimate:
τSLν ≃ 2.9 × 1020 s = 9.1× 1012 years. (3.19)
The lifetime in respect to the SLν process under these conditions is extremely large. However,
we would like to note that it is much smaller, for example, than the characteristic time for the
radiative decay of hypothetical sterile neutrinos, the process that is hoped to be discovered
experimentally [56, 57].
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3.3 SLν and GRB emission polarization
Currently, a possible connection between supernova explosions and long-duration Gamma-
Ray Bursts (GRB) is widely discussed [58]. It is interesting to point out here the possible
relation of the SLν polarization properties to the problem of the GRB radiation polarization
(see, e.g., [59]). This problem appeared over a decade ago and up to now there is no com-
pletely plausible explanation for the nature of this phenomenon. The scientific community,
however, tends to the conclusion that it is not the effect of propagation but the intrinsic
property of physical processes leading to the radiation. Since an ultra high-energy neutrino
emission (up to 1019 eV [58]) with substantial intensity is expected from the GRBs, the SLν
phenomenon can be considered as a possible natural cause of the GRB radiation polariza-
tion. A reliable analysis of this assumption is difficult to perform because rather detailed
information on the circumstellar matter composition and its state is needed. This can be a
problem because of flexibility of GRB models existing in the current literature.
3.4 SLν in relic neutrinos background
The relic neutrinos can be also considered as an astrophysical medium that serves as a possible
external background for the SLν production. In this case, since the matter is highly rarefied,
the ultrahigh-energy neutrinos are needed. We study again the most favorable conditions for
realization of the SLν process in this kind of the background matter. The main condition is
determined by the Standard Cosmological Model assumption that the so-called relic neutrino
asymmetry
ηνl = (nνl − nν¯l) /nγ (3.20)
is either exactly zero or very close to it (here nγ = 411.4± 0.3 cm−3 is the number density of
relic photons [31]). Recall, for instance, that for the charged leptons the charge conservation
law guarantees nl = nl¯. According to Eq. (2.5) this would also eliminate the matter effect
on neutrino and, consequently, also on the SLν. However, the neutrino asymmetry is not
obligatory equal to zero. Within the extensions of the Standard Cosmological Model various
theoretical scenarios for baryogenesis are considered with quite high values of the neutrino
asymmetry (of the order of ∼ 10−3 or even up to ∼ 1 [60]). In what follows we assume
ηνl 6= 0, and for the estimates we refer to the relevant experimental limits (see below).
Once the neutrino asymmetry is not zero, one has to introduce the chemical potentials
µνl for each neutrino flavor l. The neutrino asymmetry then can be expressed through the
relation (see. [60, 61])
ηνl =
nνl − nν¯l
nγ
=
1
12ζ(3)
(
π2ξνl + ξ
3
νl
)
, (3.21)
where ζ(3) ≃ 1.20206, ξνl = µνl/Tν is the so-called degeneracy parameter, Tν is the neutrino
temperature. Using the results of the paper [62] we can deduce the general limits on the
degeneracy parameters for each neutrino flavor (assuming that ξνe = ξνµ = ξντ )
− 0.4 . ξνl . 0.2. (3.22)
Using Eqs. (3.22) and (3.21) for each value of νl, it is possible to calculate the average relic
neutrino effective density n¯effν = nνl − nν¯l, which is needed to calculate the SLν effect.
The effective neutrino density can significantly exceed the value of n¯effν if there is a
gravitational clustering of relic neutrinos in local regions of the Universe, i.e. in a Galactic
halo, in a local group of galaxies, in clusters and galaxy superclusters (see [63] and references
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therein). The effective density of neutrinos in such regions neffν may exceed the average
density of neutrinos in the Universe by an overdensity factor fν : n
eff
ν = fν n¯
eff
ν . The factor fν
can reach values from 101−103 [64, 65] up to 105−107 [66]. There is also a theoretical bound
for this value obtained from the analysis of the phase space of clustering neutrinos [67]. In
particular, from the results of papers [67] and [64, 65] it follows that for the neutrino mass
mν = 1−2 eV and the galaxy cluster mass ∼1015M⊙ the factor fν is restricted by the value
fν . 10
7. This value will be used in our estimations.
The local effective density of relic neutrinos would have been even larger, fν = 10
8−1014,
if they could form clusters, called the “neutrino clouds” [68]. It is assumed that, in contrast
to the conventional clusters, neutrinos in these “clouds” are bound not by gravitational forces
but via a new kind of interaction. In order to include these effects of new physics we use in
our estimations the maximal value from the indicated range fν ≃ 1014 as well.
Since the degeneracy parameter has different bounds for positive and negative values, it
makes sense to consider the SLν process for neutrinos and antineutrinos separately (as the
sign of the parameter is responsible for their dominance). Using Eqs. (3.22), (3.21) and the
known value for the relic photons density (see (3.20)), for the effective neutrino densities we
obtain
neffνl = fν n¯
eff
νl
≃ 6.2 × 108 cm−3 (6.2 × 1015 cm−3),
neffν¯l = fν |n¯effν¯l | ≃ 1.2× 109 cm−3 (1.2 × 1016 cm−3). (3.23)
Here we use the neutrino overdensity fν = 10
7 for a galaxy cluster, and the corresponding
results for neutrino clouds are given in parentheses (fν = 10
14 for this case).
Concerning the electron component of the background, the average density of the elec-
tron gas ne in galaxy clusters is a specific characteristic for each galaxy cluster. The analysis
of the recent data in the X-ray range (including those from satellites XMM-Newton, Chan-
dra and Suzaku) leads to the conclusion that, on average, this value varies in the range
ne ≃ 10−4−10−3 cm−3 [69], indicating that in galaxy clusters the electron gas is very rar-
efied. For estimations we use the average value from this range ne ≃ 5 × 10−4 cm−3 (for
comparison, the value ne ≃ 1.2 × 10−4 cm−3 is typical for the halo of our Galaxy [70]). For
the neutrino clouds one can use the same estimate if the cloud is inside the Galaxy, and an
order of magnitude lower, ne ≃ 10−5 cm−3, if it is in the intergalactic space [70].
According to (3.17), the plasmon mass has a very low value:
mγ ≃ 8.2 × 10−13 eV.
This means that in the SLν threshold condition (2.14) the second term in the numerator is
the leading one. The corresponding threshold energies appear to be unexpectedly high:
Ethνl ≃
{
5.2 PeV, for fν = 10
7,
520 MeV, for fν = 10
14,
Ethν¯l ≃
{
2.6 PeV, for fν = 10
7,
260 MeV, for fν = 10
14.
(3.24)
Considering the spin light emitted by the electron antineutrinos, one should take into ac-
count their interaction with the background electrons, which is accompanied by the resonant
W boson production ν¯e + e
− → W−. Despite the low density of the background electrons,
this process may compete with the SLν. The threshold of the W boson production in this
case is calculated according to the formula
εW =
m2W
2me
≃ 6.3× 1015 eV = 6.3 PeV, (3.25)
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that corresponds to the non-relativistic electron gas. Thereby, the observation of the SLν of
an electron antineutrino beam is possible for the energies in the range Ethνe . Eνe . εW .
Besides, a neutrino (antineutrino) of any flavor at a certain energy can scatter on the
corresponding antiparticle producing a Z boson (the process νl + νl → Z). The energy
threshold of this reaction for the non-relativistic neutrino background is calculated as
εZ =
m2Z
2mν
≃ 4.2 × 1021
(
1 eV
mν
)
eV. (3.26)
This is true for fν = 10
7 since the neutrino gas is non-relativistic in these conditions, but
for fν = 10
14 the neutrino environment becomes relativistic. Estimates show that in this
case the threshold of the Z boson production may be significantly reduced and amount to
εZ ≃ (1.6−1.9) × 1020 eV. At the energies above εZ the radiation of the SLν photons is
kinematically allowed, but the dominating process is the Z boson production.
At the given scales of neutrino densities and allowed neutrino energies the low-density
regime for the SLν radiation is realized [1, 2, 24–26]. The total rate and power of the
radiation are given by
Γ =
64
3
µ2α3p2mν , I =
128
3
µ2α4p4. (3.27)
The radiation has a significant linear and circular polarization. From Eq. (2.7) in the
considered case we have the following estimation for the maximal photon energy
ωγ max = 5.1 × 10−29
(
neffνl
108 cm−3
)(
εν
mν
)2
eV.
For the effective neutrino density parameter neffνl of the galaxy clusters this gives the wide
range from ωγ max ≃ 5.7 keV up to ωγ max ≃ 6.3 TeV. For the neutrino clouds we have even
wider range: from ωγ max ≃ 5.7× 10−4 eV up to ωγ max ≃ 6.3× 1019 eV.
From (3.27) the expression for the SLν radiation time in the environment of relic neu-
trinos can be represented as
τSLνl ≃ 2.0× 1066
(
10−11µB
µ
)2(
108 cm−3
neffνl
)3(
1020 eV
Eν
)2 ( mν
1 eV
)2
s. (3.28)
Using the maximal allowed effective neutrino density fν = 10
14, the initial neutrino energy
Eν ≃ 1020 eV and taking also µ ≃ 2.9× 10−11µB , we obtain
τSLν ≃ 1.0× 1042 s = 3.1× 1034 years, τSLν ≃ 1.3 × 1041 s = 4.0 × 1033 years
As can be seen, the lifetimes are very large, and this can significantly impede the possibility
of experimental observation of the SLν phenomenon in the considered environment.
4 Conclusions
The performed analysis of the conditions necessary for the realization of the SLν process
shows that it requires a neutrino of high and ultrahigh energies (Eν = 1TeV−1PeV and
higher). The high initial neutrino energy, on the one hand, makes it possible to overcome
the energy threshold and, on the other hand, increase the probability of the radiation.
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High-energy neutrinos can be produced in astrophysical media where charged particles
(e.g. protons) are effectively accelerating to very high energies. Accelerated protons are
involved in pp- and pγ-interactions, followed by the neutrino production. The corresponding
astrophysical conditions for charged particle acceleration can be provided in Gamma-Ray
Bursts (Eν max ≃ 1019 eV), Active Galactic Nuclei (Eν max ≃ 1018 eV), supernova remnants,
highly magnetized neutron stars (magnetars), microquasars (Eν max ≃ 1012 eV), galaxy clus-
ters. There could be other high-energy neutrino sources connected with decays of hypothetical
supermassive particles remaining from the early stages of the Universe evolution. The corre-
sponding maximal neutrino energy can reach the level of Eν max ≃ 1024 eV [71]. We should
mention that the high-energy neutrino flux may also arise in the interaction of high-energy
cosmic rays (protons), born in the sources of any type, with the Cosmic Microwave Back-
ground radiation. This mechanism recalls the GZK-effect (Greisen-Zatsepin-Kuzmin [72, 73])
and was proposed in [9], where the corresponding ultra-high energy neutrinos were termed
cosmogenic neutrinos. The fluxes of cosmogenic neutrinos with energies up to Eν max ≃
1020−1022 eV arise if there is a remote proton source at a distance greater than 6 Mpc away
(the characteristic length of the protons interaction in the reaction).
To summarize, we point out that galaxy clusters are promising objects for the SLν
realization since they can bound charged particles within clusters for very long periods of
time [71, 74]. These particles can be accelerated due to various mechanisms (e.g., supernova
explosions) and as a result become a powerful source of high-energy gamma-photons and
neutrinos. These high-energy neutrinos, continuously produced in the galaxy clusters, can
interact with media of various types within the same clusters: from the “nuclear matter”
inside the neutron stars to the relic neutrinos.
The most promising case for the realization of the SLν, according to our considerations
above, is represented by the neutron star matter.
It should be emphasized that the circular polarization of radiation (that reaches 100%
at high densities) is one of the most important properties of the SLν phenomenon and it can
provide a basis for the experimental identification of the radiation of neutrinos propagating
in dense astrophysical objects. In particular, the polarization properties of the SLν may
contribute to the observed GRB radiation properties provided that GRBs really emit high-
energy neutrinos.
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